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OBJECTIVE AS A MICROLITHOGRAPHY PROJECTION OBJECTIVE 
WITH AT LEAST ONE LIQUID LENS 

BACKGROUND OF THE INVENTION 

Field of the invention 

The complete disclosure of US Application Ser. No. 
10/734,623 filed on December 15, 2003, International 
Application No. PCT7EP2004/005816 filed on May 28 2004, 
US Application Ser. No. 60/530,623 filed on December 
19, 2003, US Application Ser. No. 60/530,978 filed on 
December 22, 2003, European Application No. 03256499.9 
filed on October 15, 2003, US Application Ser. No. 
60/544,967 filed on February 13, 2004, US Application 
Ser. No. 60/592,208 filed on July 29, 2004, US 
Application Ser. No. 60/568,006 filed on May 4, 2004, 
US Application Ser. No. 60/591,775 filed on July 27, 
2004 and US Application Ser. No. 60/612,823 filed on 
September 24, 2004 is hereby incorporated. 

The invention relates to an objective designed as a 
microlithography projection objective. The objective 
according to the invention comprises at least one 
liquid lens made from a transparent liquid. 

Description of the Related Art 

Microlithography projection objectives of multivarious 
design are known. 



CONFIRMATION COPY 
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In all imaging systems, the smallest resolvable 
structural width is proportional to the aumerical 
aperture NA at the image plane, 

5 This, in turn, is proportional to the amgle of 
incidence and the refractive index n x of the medium 
through which the light falls onto the image plane. 

By contrast with so-called dry objectives with gas 
10 (air, N2/ He and the like) or a vacuum with a refractive 
index of approximately 1.0, a material, in particular a 
liquid, with a substantially higher refractive index is 
used as this medium in immersion systems. 

15 For example, as far as is known for the wavelength 193 
nm water has a refractive index n H 2o = 1-44. 

High-index lenses with a refractive index mucin higher 
than 1.6 have been used in microlithography at 

20 wavelengths of greater than 365 nm, but they become 
incapable of use at the wavelengths of practical 
relevance such as 248 nm, 195 nm, 157 nm, since they 
are not sufficiently transparent, and so on. Lenses 
made from sapphire have a high refractive index but are 

25 biref ringent, and this must be compensated! in a 
complicated way and with limited success'. 

SUMMARY OF THE INVENTION 

30 The inventors have recognized that, furthermore, the 
possible image-side numerical aperture NA is limited by 
the refractive index of the curved optical element next 
to the image plane. 
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Such an element can be provided as a liquid lens that 
can also serve simultaneously as immersion liquid, 
specifically with or without a plane-parallel 
5 separation plate. However, if the refractive index n F 
thereof lags behind the refractive index xx h of the solid 
lenses used in the objective, the achievable NA remains 
still smaller, NA < n F . 

10 The difference is significant in the case of a 193 ran 
objective with lenses made from fused silica with n L = 
1.56 and with water as an immersion and a liquid lens 
with n F = 1.44. 

15 According to the invention, use is made in the 
objective of at least one liquid lens whose refractive 
index n F is greater than the refractive index n L of each 
solid lens in the objective. The first lens in the 
meaning of Claim 1 is the lens, arranged at any desired 

20 location in the objective, made from the highest -index 
solid lens material which is used in the objective. As 
also in the embodiments shown, all the lenses - except 
for the liquid lens or lenses - consist in many cases 
of the same solid material. 

25 

With respect to lenses made from fused silica or 
calcium fluoride, which are established for 
microlithography projection objectives with the 
operating wavelengths of 248 nm, 193 ran, 157 ran, 
30 liquids with, for example, n F = 1.6, n F = 1.65 or n F = 
1.8 are suitable. 
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There is a corresponding result for other lens 
materials known for the deep UV (DUV) and vacuum UV, 
such as fluoride crystals BaF 2/ SrF 2 , LiF, NaF and 
others . 

5 

Although there are many developments of immersion 
liquids for applications in microlithography, it is 
clear at least in principle that H 2 S0 4 (sulfuric acid), 
H3PO4 (phosphoric acid) and their solutions in H 2 0 

10 (water) yield adjustable refractive indices of 1.5 - 
1.8 at 193 nm in conjunction with suitable 
transmission. In addition, the corrosive action of 
these substances is substantially reduced with the aid 
of substitution of heavy isotopes, in particular 

15 deuterium. This is described inter alia in US 
Application Ser. No. 60/568,006. 

Corrosion protection layers can be provided on the 
solid optical elements. This is disclosed inter alia in 
20 US Application Ser. No. 60/530,623. 

Accordingly, an objective having the features of Claim 
1 has surprisingly been found to be particularly 
advantageous. A microlithography projection objective 

25 with an image-side numerical aperture NA greater than 
1, which is not accessible for a dry objective, is 
substantially relieved and extended as regards the 
possibilities for its optical design and correction 
when use is made of a liquid lens with a refractive 

30 index greater than the refractive index of the solid 
lenses. In the case of lenses made from different 
materials, the largest refractive index of all these 
lenses is exceeded. A plane-parallel plate, in 
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particular an end plate made from sapphire, for 
example, may have a higher refractive index, in this 
case. 

Objectives are usually corrected for specific operating 
wavelengths and can be operated reasonably only at 
these wavelengths. The refractive indices of all 
materials vary with wavelength, and it is always the 
values for the operating wavelength which are used as a 
basis here. Other wavelengths can traverse the 
objective, for example for the purposes of measurement. 

It has surprisingly been found that on the basis of the 
invention it is possible to design objectives with an 
15 NA greater than the refractive index n L of every solid 
lens. This is also reflected in Claim 2. 

The liquid lens can be an immersion at the same time, 
that is to say it can be in contact to the object to be 
20 exposed. Alternatively, it is possible for an optical 
element made from a solid transparent body, in 
particular an end plate, to be arranged there between. 

The liquids of the liquid lens and of the immersion at 
the object can then be adapted to various conditions 
such as : 

in the case of the immersion: 

rapid movement for step-and-scan 

contact with materials of the wafer such as 
resist 

contact with air 

cleaning requirements for wafer processing 
after exposure. 



5 



10 



25 



30 
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in the case of the liquid lens: 

contact with material of the adjacent solid 
lens 

5 and be selected, accordingly. 



Since the refractive indices n F of the liquid lens and 
ni of the immersion are lower bounds for the achievable 
NA, it is natural to prefer that n F = nj. 

10 

The effect of increasing the accessible NA caused by 
the liquid lens with high refractive index n F becomes 
greatest when said lens is the last curved element on 
the image side. 

15 

Substantially hemispherical last lenses have proved in 
this case to be advantageous, since then the angle of 
incidence of the light varies relatively slightly over 
the lens surface and remains close to the normal to the 
20 curved surface. The critical angle of total reflection 
is thus effectively avoided. 



Intermediate images in the objective are a measure by 
which the lens diameters can be kept small. The 
25 availability and the price of lens material and of 
finish-machined lenses in a quality suitable for 
microlithography projection objectives are very 
substantially relieved at lower diameters. 

30 It is therefore to be pointed out that, otherwise than 
in the US classification 359/642 defined for LENS, here 
it is precisely also optical systems with an 
intermediate image, even several thereof, that are 
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designated as an objective. Designs of objectives 
suitable for the invention are inter alia disclosed in 
US Application Ser. No. 60/544,967, US Application Ser. 
No. 60/592,208 and US Application Ser. No. 60/591,775. 

The field flattening is a central problem with such an 
objective, being equivalent to a minimization of the 
Petzval sum. 



10 Primarily for this purpose, but also for color 
correction (achromatization) , a design as a 
catadioptric system comprising at least one curved 
mirror in addition to the lenses is advantageous. A 
combination of a negative lens and a concave mirror is 

15 particularly effective for color correction. Further 
possibilities for color correction are disclosed in US 
Application Ser. No. 60/530,978. Catadioptric systems 
frequently have folding mirrors, thereby permitting the 
light beams running to a mirror to be separated from 

20 those returning therefrom. Such systems are also 
described and covered here. 



However, all surfaces of the optical system are 
effective for correction when all mirrors are curved. 

25 This is possible, in particular, with an even number, 
especially 2, of curved mirrors. It is also possible in 
this case for the entire objective to be constructed 
along a common axis of symmetry in relation to which 
all the mirror and lens surfaces exhibit a rotationally 

30 symmetrical shape where light passes through. However, 
there is asymmetric edging in the region of the mirrors 
and, if appropriate, adjacent lenses. Adjustment and 
vibration resistance as well as installation space 
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requirements of the objective profit from the common 
axis of symmetry. 



It is favorable in this case if the objective comprises 
5 an image-side objective part arranged at the image-side 
end of the objective and an intermediate objective part 
preceding the image-side objective part with respect of 
the direction of the light moving from the object-side 
end to the image-side end of the objective- If not 

10 defined otherwise, this direction is the reference 
whenever a position of a component of the objective is 
defined. The intermediate objective part is containing 
mirrors and may be designed catoptrically as, for 
example, in fig. 1 - fig. 3, or catadioptrically as in 

15 the other embodiments. The image-side objective part, 
which is purely refractive, is providing the extreme 
aperture and comprises the liquid lens. 

It did surprisingly turn out that this image side 
20 objective part advantageously has its pupil in the 
region of the beam path which is convergent in relation 
to the image plane, or, as described in Claim 11, that 
said pupil is located between the lens of the greatest 
diameter used and the image plane. 

25 

In this region, the strong positive refractive power 
which is required in order to produce the large angles 
of incidence at the image plane in accordance with the 
high NA is expediently distributed over a plurality of 
30 positive meniscus lenses which are concave on the image 
side. Both chromatic aberrations and contributions to 
the Petzval sum are thereby reduced. 
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The inventors have established that the solid lens 
preceding the liquid lens according to the invention 
and defining the object-side surface of the liquid lens 
should be a meniscus lens whose center thickness 
5 (THICKNESS in accordance with the tables) is smaller 
than the difference of the radii of curvature (RADIUS) 
of the two lens surfaces. Such a meniscus lens having 
negative refractive power in the paraxial region makes 
a transition in part to an action of positive 
10 refractive power in the outer region where beams strike 
more steeply, that is from further outside, than the 
normal to the surface. 

It is advantageous when the objective comprises an 
15 object-side objective part being arranged at the 
object-side end of the objective and producing an 
intermediate image on the object side of the 
intermediate objective part. 

20 This permits, inter alia, greater freedom in 
configuring the passage of the light bundles next to 
the mirrors, and yields an additional diaphragm 
location which can well be situated in an air space and 
is therefore well suited as a stop-down aperture 

25 diaphragm. 

It is to be seen in the embodiments that it is 
advantageous to provide lenses of low refractive power 
with a strongly modulated aspheric shape preceding this 
30 diaphragm plane and to provide a strongly curved 
meniscus lens subsequent to this diaphragm plane, the 
meniscus lens being concave on the diaphragm side. 
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It is clear that such high-aperture projection 
objectives for microlithography of very high resolution 
require intensive use of aspherics, since essential 
parameters for image correction are thereby provided. 

5 

Deliberate use is also made in the exemplary 
embodiments of very strong aspherics and those whose 
deviation from the spherical shape does not exhibit a 
monotonic profile over the distance from the optical 
10 axis. 

As already mentioned, such aspherics are particularly 
advantageous in the object-side objective part. 

15 It emerges in addition that in the image-side objective 
part some positive lenses yield particularly suitable 
arrangements of strong aspherics. These positive lenses 
are situated in the region of the steeply rising light 
bundle diameter between the negative lenses arranged 

20 near the intermediate image and the belly of the light 
bundle at the lens with the maximum of the diameter of 
the light bundle passing through. 

The embodiments presented are partly of an experimental 
25 nature. However, to the person skilled in the art who 
compares these with similar design solutions known to 
him and derives modifications therefrom they yield 
clear-cut teachings from which he is able to modify 
designs of objectives. 

30 

The various designs of the individual embodiments make 
this clear, and can, of course, also be combined with 
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one another and with other known designs in the meaning 
of the invention. 

The exemplary embodiments are explained in more detail 
5 with the aid of the drawings, in which 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 to 6 respectively show a meridian section of an 
10 embodiment of an objective according to the invention. 

DESCRIPTION OF THE PREFERRED EMBODYMENTS 

In Fig. 1 to 6 marginal and principal rays are depicted 
15 for the object points nearest and furthest from the 
axis. Aspheric surfaces are marked twice with 3 lines 
at the contour. 

The optical axis or the axis of symmetry of the 
20 curvatures of the surfaces is marked by dots and 
dashes . 

In each case OB denotes the object plane. This 
corresponds to the surface (SURF) 0 in the tables. IM 
25 denotes the image plane and corresponds in each case to 
the surface of the highest number in the tables. 

F respectively denotes the liquid lens according to the 
invention. 

30 

EP denotes an optional end plate. 

IMI1 and IMI2 are the intermediate images. 
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AP denotes the position of the system aperture at which 
an adjustable diaphragm can be arranged and will also 
be referred to as diaphragm plane, 

5 

P denotes the pupil in an image-side objective part. 

All embodiments shown are designed for the operating 
wavelength 193.4 nm (ArF Excimer Laser) and reduce by 
10 1:4 - without limiting the invention thereto. 

Tables la to 6a respectively give the design data for 
the drawing of the same number. Tables lb to 6b 
respectively specify the aspheric data of the aspheric 
15 lens and mirror surfaces, which are identified in the 
drawings by three primes. The illustration is made 
using the Optik-Design-Sof tware CODE V™ from Optical 
Research Associates and corresponds to their 
conventions. 

20 

In each embodiment shown in fig. 1 to 6 the objective 
comprise an object-side objective part, an image-side 
objective part and an intermediate objective part. The 
object-side objective part is situated at the object- 

25 side end of the objective. The image-side objective 
part is situated at the image-side end of the 
objective. The intermediate objective part is situated 
between the object- side objective part and the image- 
side objective part. In the embodiments the object-side 

30 objective part and the image side objective part are 
purely reflective. The intermediate objective part is 
catoptric or catadioptric . 
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In the embodiments of fig. 1 to fig. 3 the value of the 
numerical aperture NA = 1.4. The liquid of the lens P 
and the immersion have the same refractive index n F = n x 
= 1.65. The material of the solid lenses is fused 
5 silica with an index of refraction n L = 1.56. 

The distance from the object plane OB to the image IM 
is 12 50 mm and thereby a common value. 

10 The image field is 26 mm x 5.5 mm, decentered by 4.66 
mm. However, the correction state yields an RMS wave 
front error of this image field of approximately 10-20 
per mil of the operating wavelength. 

15 The lenses of the object-side objective part and the 
image side objective part are rotationally symmetrical 
in relation to a common axis of symmetry, with the two 
mirrors of the catoptric version of the intermediate 
objective part certainly being curved in an axially 

20 symmetrical fashion, but being edged asymmetrically. 

The design of the objective will now be described in 
more detail with respect to the embodiment of fig. 1. 
Most of the features are also present at the 
25 embodiments of fig. 2 to 6, but will only be explained 
in some detail with respect to fig. 1. 

The object-side objective part comprises an accessible 
diaphragm plane AP with the stop-down system diaphragm. 
3 0 Preceding the diaphragm plane AP there is a 
particularly strongly modulated aspheric (surface 7 of 
table la/b) . Subsequent to the diaphragm plane AP there 
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is a meniscus lens which is concave on the side of the 
diaphragm plane AP (surfaces 15, 16 in table la) . 

The intermediate objective part is designed 
5 catoptrically and comprises two concave mirrors 
(surfaces 23 , 24 in table la) . 

The image-side objective part subsequent to the second 
intermediate image IMI2 - the intermediate images are 
10 not corrected and do not form an image plane - begins 
with a positive lens group of single-lens design, forms 
a waist with a number of negative lenses, and has a 
positive lens group with many members which forms a 
massive belly. 

15 

Strongly modulated aspherics (inter alia, surface 3 6 in 
table la/b) are significant in the initial region of 
the positive lens group where the diameter of the light 
bundle and of the lenses are increasing. The middle of 

2 0 the belly is formed by the lens of greatest diameter 
(surface 41/42 in table la/b, height (SEMIDIAM, half 
lens diameter) 160 mm) . The production of lithographic 
projection objectives is very economical with this lens 
diameter. The pupil P of the image-side objective part 

25 is, in a fashion typical of the objectives according to 
the invention, following this largest lens in the 
convergent beam path. 

In the embodiment of fig. 1, the liquid lens F is 
30 formed between the surface 50 and the image plane IM 
(surface 52) and is at the same time the immersion. It 
is virtually hemispherical given the radius 34.6 mm and 
the thickness 30.1 + 3.0 = 33.1 mm. The ratio of radius 



WO 2005/059654 



PCT7EP2004/014219 



- 15 - 

to thickness is 1.05. The adjacent last fused silica 
lens is in this case a meniscus lens whose thickness of 
10 mm is substantially smaller than the difference of 
the radii 66 mm - 34 mm (surfaces 49/50) . 

5 

In the embodiment of fig. 2, once again the liquid lens 
F is at the same time likewise immersion. However, it 
is substantially flatter than the liquid lens F of fig. 
1. Only in combination with the last fused silica lens, 
10 the liquid lens F forms an approximately hemispherical 
member . 

Using a rather flat liquid lens F makes the exchange of 
the liquid simpler. 

15 

It has been established that a plane-parallel plate 
which separates the liquid lens F and the immersion is 
not critical for the optical function. This holds in 
particular when the refractive index of the plan- 
20 parallel plate is greater than the refractive indices n F 
of the liquid lens F and n± of the immersion. 

Starting from the embodiment of fig. 1, fig. 3 shows an 
embodiment with such an end plate EP of refractive 
25 index n EP = 1.80. By adapting the thickness, it can 
easily be exchanged for a plate made from sapphire with 
n EP = 1.92. 

In the embodiment of fig. 4 (table 4a/b) a catadioptric 
30 design is used for the intermediate objective part. 
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Given the same NA, n P , n L as the preceding embodiments, 
the image field is somewhat deviant with 22 x 5.2 mm 
and greater decentering of 5.753 mm. 

5 In this embodiment two planar folding mirrors FM1 
(surface 21) and FM2 (surface 31) are used as geometric 
beam splitters. Provided in a lateral arrangement are a 
concave mirror - surface 26 in table 4a/b - and lenses 
of negative refractive power through which the light 
10 passes twice. The surfaces 22-25 of these lenses are 
thus present once more specularly as 27 to 30 in table 
4a/b, since they refract the light twice. 

The high-index liquid lens F is also advantageously 
15 used with this quite different approach to the design 
of the microlithographic projection objective. In a way 
similar to fig. 1, it is designed here as "immersion 
lens", touching the object, between the surfaces 63 and 
65. 

20 

The two embodiments of fig. 5 and fig. 6 for the first 
time exhibit objectives with the numerical aperture NA 
= 1.6 being greater than the refractive index n L of the 
solid lenses used. The solid lenses are made from fused 

25 silica with n L = 1.56. The refractive index of the 
liquid lens F is n P = 1.80. Also these embodiments are 
corrected much better than in a diffraction-limited 
fashion, their image field being 20mmx4mmata 
decentering of 4.375 mm. The RMS wavefront error is 

30 below a tenth of the operating wavelength 193.4 mm. 

Here, as well, the object-side objective part is purely 
refractive. It includes the accessible and stop-down 
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diaphragm plane AP and strong aspherics preceding the 
diaphragm plane AP. Here these aspherics are two lenses 
of lesser refractive power but stronger modulation of 
the aspheric shape deviation, surfaces 5 and 8 in table 
5 5a/b. Arranged subsequent to these aspherics is a 
likewise strongly curved meniscus lens, surfaces 10, 11 
in table 5a/6. 

The intermediate objective part is once again a prolate 
10 catadioptric objective with two concave mirrors, 
similar to fig. 1-3, but now with a positive field lens 
(surfaces 20, 21 in table 5a) preceding the second 
intermediate image IMI2 . 

15 The positive field lens replaces the positive first 
lens group present in fig. 1-3 in the image-side 
objective part. 

The image-side objective part thus begins with a 
20 negative lens group and forms a belly with a multilens 
positive lens group. In the embodiment of fig. 5 the 
greatest lens diameter is reached with 165 mm at the 
lenses 30/31 and 32/33 as can be seen in table 5a. A 
plurality of positive meniscus lenses which are concave 
25 in relation to the image plane IM is arranged 
subsequent to these lenses. The pupil P of the image- 
side objective part lies in the region of these 
meniscus lenses. The last fused silica lens (surfaces 
40, 41 of table 5a) on the image side is once again of 
3 0 negative refractive power in the paraxial region. This 
lens is formed as a meniscus lens with a concave 
surface on the image side whose thickness is 8.9 mm and 
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thus smaller than the difference of the radii 58.8 mm - 
37 - 8 mm = 21 mm. 



In the embodiment of fig. 5, the liquid lens F is 
5 immersion at the same time, and thus abuts the image 
plane IM and the object, which is arranged there in 
order to exposed. This object can be, for example, a 
wafer. The radius of the spherical surface 41 is 37.8 
mm and thus smaller than the thickness of 45.8 mm. 

10 

The sine of the angle of incidence is smaller than 0.89 
at all surfaces. The catadioptric intermediate 
objective part is enlarging. The sines of the angles of 
incidence at the concave mirrors are below 0.45. 

15 

The embodiment of fig. 6 and table 6a/b comprise a 3.0 
mm thick end plate EP made from sapphire. The liquid 
lens P is now formed between the surfaces 42 , 43 of 
table 6a. Their thickness is 40.2 mm, the radius is 
20 38.1 mm. The thickness is thus 105% of the radius. 



It has thus been shown that liquid lenses F of high 
refractive index permit the design of high-quality 
projection objectives with extreme numerical apertures. 

25 

Multivarious approaches and instructions are thus given 
to the person skilled in the art in order to use this 
teaching for further developing different kinds of 
known approaches in designing objectives. 
30 \ 
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99.916 
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1.56032610 95.593 
85.017 

1.56032610 65.623 
43.366 

1.56032610 40.333 
40.333 
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1.56032610 104.907 
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1.56032610 107.596 
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